In this paper a study is presented of the tensile fracture behavior of progressively-drawn pearlitic steels obtained from five different cold-drawing chains, including each drawing step from the initial hot-rolled bar (not cold-drawn at all) to the final commercial product (pre-stressing steel wire). To this end, samples of the different wires were tested up to fracture by means of standard tension tests, and later, all of the fracture surfaces were analyzed by scanning electron microscopy (SEM). Micro-fracture maps (MFMs) were assembled to characterize the different fractographic modes and to study their evolution with the level of cumulative plastic strain during cold drawing.
Introduction
Pearlitic steels are widely used in a high variety of applications in engineering, e.g., pre-stressing steel wires [1, 2] , railway rails [3] [4] [5] , rock bolts [6] , steel cord wires (tire reinforcement) [7] , music wires [8] , etc. The wide use of these types of steels is due to their excellent mechanical properties induced in the raw material during the mechanical conforming process, e.g., hot rolling for complex shapes or wire drawing in the case of cylindrical bars. As a result of the plastic strains undergone by the material during the latter process, the yield stress is high enough [9] for considering it as a high strength steel. The today importance of these steels in industry can be quantified in terms of the world production of drawn wires of pearlitic steels which can be estimated in 25 million tons per year [10] . In addition, the interest of the scientific community on these research areas is also very high, as indicated by the number of research papers published up to date in multiple journals indexed in the SCOPUS database ( Figure 1) .
Consequently, from a pure scientific point of view, increasing the knowledge about pearlitic steel wires is a quite interesting issue. In a common commercial wire drawing chain, wires undergo a progressive reduction of their cross-sectional area during several steps (usually 6-8 passes) [11] . As a consequence of material hardening due to huge plastic strains in the wire, key microstructural changes are caused in the steels as was reported in many studies [12] [13] [14] [15] [16] [17] [18] [19] . The analyses of such changes revealed a progressive increment of the microstructural anisotropy as the drawing degree is increased. These microstructural changes also affect the macroscopic mechanical behavior of the material [20] [21] [22] , as in their fatigue and fracture behavior [23] [24] [25] [26] [27] .
This paper goes further in the research, so that a study is presented of the tensile fracture behavior of progressively-drawn pearlitic steels obtained from five different real cold drawing chains, including each drawing step from the initial hot-rolled bar (not cold-drawn at all) to the final commercial product (pre-stressing steel wire). For this purpose, standard tension tests up to final fracture were carried out for each one of the wires corresponding to each step of the five commercial wire drawing chains considered in this study. On one hand, results of testing allow one to obtain the mechanical properties-material yield strength (σY) and ultimate tensile strength (UTS, σR)-of each one of the wires tested from the material constitutive law (stress-strain curve). This mechanical characterization presents a high interest not only from the scientific point of view, but also from the educational viewpoint [28] . On the other hand, the quantitative fractographic analysis (post mortem) of the fracture surfaces of tested samples, obtained by scanning electron microscopy (SEM), allows one to reveal the microscopic fracture maps (MFMs) and the fracture micro-mechanisms. From these analyses, the evolution of both mechanical properties and fracture behavior with drawing will be revealed for different wire drawing processes, thereby achieving a better understanding of the mechanical behavior of these key types of steels.
Experimental Program
Cylindrical samples of the wires obtained at the end of each drawing step of the five commercial manufacturing processes were used for testing. Each one of the families of progressively-drawn steels was labelled with a capital letter (A, B, C, D and E). In addition, to identify each particular steel (member of the family), a number was added representing the number of drawing steps undergone by the specific wire. Thus, as a way of example, steel E4 corresponds to a wire obtained after the fourth drawing step of family E. According to Table 1 , the chemical composition of the five families of steels is similar with slight variations. For this purpose, standard tension tests up to final fracture were carried out for each one of the wires corresponding to each step of the five commercial wire drawing chains considered in this study. On one hand, results of testing allow one to obtain the mechanical properties-material yield strength (σ Y ) and ultimate tensile strength (UTS, σ R )-of each one of the wires tested from the material constitutive law (stress-strain curve). This mechanical characterization presents a high interest not only from the scientific point of view, but also from the educational viewpoint [28] . On the other hand, the quantitative fractographic analysis (post mortem) of the fracture surfaces of tested samples, obtained by scanning electron microscopy (SEM), allows one to reveal the microscopic fracture maps (MFMs) and the fracture micro-mechanisms. From these analyses, the evolution of both mechanical properties and fracture behavior with drawing will be revealed for different wire drawing processes, thereby achieving a better understanding of the mechanical behavior of these key types of steels.
Cylindrical samples of the wires obtained at the end of each drawing step of the five commercial manufacturing processes were used for testing. Each one of the families of progressively-drawn steels was labelled with a capital letter (A, B, C, D and E). In addition, to identify each particular steel (member of the family), a number was added representing the number of drawing steps undergone by the specific wire. Thus, as a way of example, steel E4 corresponds to a wire obtained after the fourth drawing step of family E. According to Table 1 , the chemical composition of the five families of steels is similar with slight variations. Each one of the raw materials for each family undergoes different straining paths during the manufacturing process by cold drawing. Family A is forced to pass through six drawing dies, whereas the wire drawing of the other families (B, C, D and E) is divided into seven drawing steps. Table 2 summarizes each one of the five cold drawing procedures (straining paths or yielding histories) in terms of the wire diameter at the end of each drawing step. The cumulative plastic strain ε P represents the drawing degree [23] , and is defined as follows:
where φ 0 is the hot-rolled bar diameter (not cold drawn at all) and φ i is the diameter of a wire undergoing i drawing steps. Results for the different drawn wires are given in Table 3 . Table 3 . Cumulative plastic strain of the progressively drawn steels.
Drawing
Step Standard tension tests were performed up to final fracture. Three tests were made for each drawing step (thus, as many as 117 standard tension tests were performed in the mechanical characterization, a huge collection of statistical quantitative data).
Microstructure of the Progressively-Drawn Wires
The microstructure of the progressively-drawn wires is given in Figures 2-5 (the vertical side of longitudinal sections always corresponds to the wire axis). They show a progressive slenderizing of the pearlitic colonies and an increase of packing closeness (with decrease of pearlite interlamellar spacing). In addition, a progressive orientation (in the drawing direction) of both pearlitic colonies (first microstructural level) and ferrite/cementite lamellae (second microstructural level) can be observed. All these observations are fully consistent with previous research in similar steels [12] [13] [14] [15] . 
Mechanical Behavior of the Progressively-Drawn Wires
Conventional standard tension tests up to final fracture under a constant displacement rate of 2 mm/min were carried out using cylindrical samples of 300 mm length for each one of the drawing steps and the five families of steels used in the experimental program. Such a length was selected following the recommendation of a previous study [29] . Figure 6 shows the obtained master curves (stress vs. strain curves) as results of testing for each drawing step of the considered steels. Furthermore, Table 4 shows the values of the main mechanical properties of the previous steels. 
Conventional standard tension tests up to final fracture under a constant displacement rate of 2 mm/min were carried out using cylindrical samples of 300 mm length for each one of the drawing steps and the five families of steels used in the experimental program. Such a length was selected following the recommendation of a previous study [29] . Figure 6 shows the obtained master curves (stress vs. strain curves) as results of testing for each drawing step of the considered steels. Furthermore, Table 4 shows the values of the main mechanical properties of the previous steels. From such curves (Figure 6 ), the mechanical properties can be determined and, thus, the evolution of yield strength σ Y (Figure 7a ) and ultimate tensile strength σ R (Figure 7b ) with the drawing degree is revealed in terms of cumulative plastic strain (ε P ).
From such curves (Figure 6 ), the mechanical properties can be determined and, thus, the evolution of yield strength σY (Figure 7a ) and ultimate tensile strength σR (Figure 7b ) with the drawing degree is revealed in terms of cumulative plastic strain (ε P ).
(a) (b) Figure 7 . Mechanical properties evolution with cold drawing, for each one of the five pearlitic families of steels: (a) yield strength; (b) ultimate tensile strength (UTS).
As Figure 7a ,b clearly show, a quasi-linear growing trend does exist in the yield strength and UTS with cumulative plastic strain during drawing. Therefore, a linear dependence seems to exist between both parameters and the drawing degree. In order to reveal such a dependence, a mathematical fitting (Figure 8 ) was applied to the data included in Figure 7a ,b. The last step of wire drawing was not considered, since manufacturing companies used to apply a special heat treatment after the last drawing step for relieving the residual stresses induced by manufacturing. Thus, these equations mathematically represent the increment of yield strength and the UTS of pearlitic steels due to the strain hardening mechanism. These equations could be useful for obtaining a simple estimation of the material strength after a given straining process. 
Fractographic Analysis
Fracture surfaces were observed by means of SEM. The fracture surface obtained after tensile testing of each drawing step of steel families B and E are shown in Figures 9 and 10 , respectively. For each set of three tests (of the total amount of 117) a representative fracture surface was considered in the fractographic analysis. According to the MFMs, the slightly-drawn steels exhibit an isotropic fracture behavior and a smooth fracture surface at the macroscopic scale. As the drawing degree As Figure 7a ,b clearly show, a quasi-linear growing trend does exist in the yield strength and UTS with cumulative plastic strain during drawing. Therefore, a linear dependence seems to exist between both parameters and the drawing degree. In order to reveal such a dependence, a mathematical fitting (Figure 8 ) was applied to the data included in Figure 7a ,b. The last step of wire drawing was not considered, since manufacturing companies used to apply a special heat treatment after the last drawing step for relieving the residual stresses induced by manufacturing. Thus, these equations mathematically represent the increment of yield strength and the UTS of pearlitic steels due to the strain hardening mechanism. These equations could be useful for obtaining a simple estimation of the material strength after a given straining process. From such curves (Figure 6 ), the mechanical properties can be determined and, thus, the evolution of yield strength σY (Figure 7a ) and ultimate tensile strength σR (Figure 7b ) with the drawing degree is revealed in terms of cumulative plastic strain (ε P ). As Figure 7a ,b clearly show, a quasi-linear growing trend does exist in the yield strength and UTS with cumulative plastic strain during drawing. Therefore, a linear dependence seems to exist between both parameters and the drawing degree. In order to reveal such a dependence, a mathematical fitting (Figure 8 ) was applied to the data included in Figure 7a ,b. The last step of wire drawing was not considered, since manufacturing companies used to apply a special heat treatment after the last drawing step for relieving the residual stresses induced by manufacturing. Thus, these equations mathematically represent the increment of yield strength and the UTS of pearlitic steels due to the strain hardening mechanism. These equations could be useful for obtaining a simple estimation of the material strength after a given straining process. 
Fracture surfaces were observed by means of SEM. The fracture surface obtained after tensile testing of each drawing step of steel families B and E are shown in Figures 9 and 10 , respectively. For each set of three tests (of the total amount of 117) a representative fracture surface was considered in the fractographic analysis. According to the MFMs, the slightly-drawn steels exhibit an isotropic fracture behavior and a smooth fracture surface at the macroscopic scale. As the drawing degree 
Fracture surfaces were observed by means of SEM. The fracture surface obtained after tensile testing of each drawing step of steel families B and E are shown in Figures 9 and 10 respectively. For each set of three tests (of the total amount of 117) a representative fracture surface was considered in the fractographic analysis. According to the MFMs, the slightly-drawn steels exhibit an isotropic fracture behavior and a smooth fracture surface at the macroscopic scale. As the drawing degree increases the mechanical behavior is modified (σ Y and σ R increase, Figure 8 , and the fracture behavior, too, showing a more irregular fractography with numerous peaks and valleys (strength anisotropy) as a consequence of the progressive microstructural orientation after manufacture. In all steels, fracture initiates in a central fibrous region formed by micro-void coalescence (MVC), this domain representing the fracture process zone (FPZ). In addition to the central zone of the wire with a fibrous aspect, ductile fracture appears in the form of MVC at the periphery of all the wires tested as an external ring (shear lip). The micro-void size at the central zone is higher than that observed in the external ring. In moderately-drawn wires, an intermediate zone between the external ring and the central zone was identified with a mixed fractography of MVC and cleavage (C). Radial marks in the direction from the central zone to the external ring are observed. Therefore, fracture was initiated at the wire centre (central fibrous zone by MVC) and later it propagated in radial direction towards the wire periphery. As the drawing degree increases, the area covered by brittle fracture (cleavage zone) decreases, appearing MVC instead of C. Thus, in heavily drawn wires the observed MFM is constituted in the majority of cases only by MVC.
Attention should be paid to certain exceptions to the previously depicted common trend. For instance, the fibrous zone in the specimen E0 (Figure 10 ) is placed close to the external ring (peripheral fracture origin). Probably this behavior is caused by surface damage generated in the hot-rolled steel during storage.
MFMs were assembled from the SEM micrographs. Later, a quantitative fractographic analysis of the fracture surfaces was carried out by a commercial image analysis software, paying special attention to the following fracture features ( Figure 11 ):
‚
Total fracture surface (S F ).

Surface of the FPZ (S FPZ ).
‚
Radius of the FPZ (r FPZ ).
‚
Surface of the external crown formed by MVC (S EC ).
‚ Mean or average depth (x m ), maximum depth (x max ) and minimum depth (x min ) of the external crown formed by MVC. In all steels, fracture initiates in a central fibrous region formed by micro-void coalescence (MVC), this domain representing the fracture process zone (FPZ). In addition to the central zone of the wire with a fibrous aspect, ductile fracture appears in the form of MVC at the periphery of all the wires tested as an external ring (shear lip). The micro-void size at the central zone is higher than that observed in the external ring. In moderately-drawn wires, an intermediate zone between the external ring and the central zone was identified with a mixed fractography of MVC and cleavage (C). Radial marks in the direction from the central zone to the external ring are observed. Therefore, fracture was initiated at the wire centre (central fibrous zone by MVC) and later it propagated in radial direction towards the wire periphery. As the drawing degree increases, the area covered by brittle fracture (cleavage zone) decreases, appearing MVC instead of C. Thus, in heavily drawn wires the observed MFM is constituted in the majority of cases only by MVC.
Attention should be paid to certain exceptions to the previously depicted common trend. For instance, the fibrous zone in the specimen E0 (Figure 10 ) is placed close to the external ring (peripheral fracture origin). Probably this behavior is caused by surface damage generated in the hotrolled steel during storage.
MFMs were assembled from the SEM micrographs. Later, a quantitative fractographic analysis of the fracture surfaces was carried out by a commercial image analysis software, paying special attention to the following fracture features ( Figure 11 An indicator of the steel ductility (maximum plastic strain undergone by the material up to fracture) is the reduction of the cross sectional area Z. This parameter can be obtained from the initial area of the specimens (S0) and the final area after fracture (SF) as follows:
The value of the areas of the FPZ (SFPZ) and the external crown (SEC) were measured in terms of the whole fracture area SF. Accordingly, the radius of the FPZ (rFPZ) and the average depth of the external ring (xm) were obtained in terms of the radius R of the fractured area by means of the following equations: An indicator of the steel ductility (maximum plastic strain undergone by the material up to fracture) is the reduction of the cross sectional area Z. This parameter can be obtained from the initial area of the specimens (S 0 ) and the final area after fracture (S F ) as follows: The value of the areas of the FPZ (S FPZ ) and the external crown (S EC ) were measured in terms of the whole fracture area S F . Accordingly, the radius of the FPZ (r FPZ ) and the average depth of the external ring (x m ) were obtained in terms of the radius R of the fractured area by means of the following equations:
Discussion
The evolution of the reduction of the cross sectional area Z with cumulative plastic strain caused by wire drawing for the five drawn steels is shown in Figure 12 . Two trends with the drawing degree are observed. On one hand, Z increases with the drawing degree for slightly drawn steels. On the other hand, for heavily-drawn steels the trend is the opposite, i.e., Z decreases with the drawing degree. Surprisingly, for the steel type A, Z still rises with cold drawing even in the last step, just where such a variable decreases in the other steels. This behavior can be explained on the basis of cumulative plastic strain ε P and the microstructural orientation inside the steels.
The evolution of the reduction of the cross sectional area Z with cumulative plastic strain caused by wire drawing for the five drawn steels is shown in Figure 12 . Two trends with the drawing degree are observed. On one hand, Z increases with the drawing degree for slightly drawn steels. On the other hand, for heavily-drawn steels the trend is the opposite, i.e., Z decreases with the drawing degree. Surprisingly, for the steel type A, Z still rises with cold drawing even in the last step, just where such a variable decreases in the other steels. This behavior can be explained on the basis of cumulative plastic strain ε P and the microstructural orientation inside the steels. Mainly, two key consequences appear at the microstructural level in steels as they are drawn: (i) the accumulation of plastic strains and increment of material strength (cold work), and (ii) a microstructure orientation in the wire axial direction. In hot rolled bar (not cold drawn at all), pearlitic colonies (micro-composed of alternated ferrite and cementite lamellae) are randomly oriented. However, as the drawing degree increases, the pearlitic colonies are progressively oriented in the cold drawing direction [13] and the ferrite/cementite lamellae do the same [15] , both microstructural levels becoming quasi-aligned with the wire axis or cold drawing direction in the commercial prestressing steel wires (final stages of manufacture). The cumulative plastic strain at the end of the drawing chain, i.e., that necessary for the full reorientation in axial direction of both microstructural levels (hierarchical structures of pearlitic colonies and ferrite/cementite lamellae) ranges between 1.1 and 1.6 for the whole set of steel families analyzed in the present paper. This interval fully agrees with the value of 1.5, reported in the scientific literature [30, 31] , of the cumulative plastic strain necessary for the aforementioned completion of reorientation.
Once the microstructure (colonies and lamellae) are completely oriented in the drawing direction [13, 15] , the percentage of reduction of the cross sectional area Z begins to decrease, Mainly, two key consequences appear at the microstructural level in steels as they are drawn: (i) the accumulation of plastic strains and increment of material strength (cold work), and (ii) a microstructure orientation in the wire axial direction. In hot rolled bar (not cold drawn at all), pearlitic colonies (micro-composed of alternated ferrite and cementite lamellae) are randomly oriented. However, as the drawing degree increases, the pearlitic colonies are progressively oriented in the cold drawing direction [13] and the ferrite/cementite lamellae do the same [15] , both microstructural levels becoming quasi-aligned with the wire axis or cold drawing direction in the commercial pre-stressing steel wires (final stages of manufacture). The cumulative plastic strain at the end of the drawing chain, i.e., that necessary for the full reorientation in axial direction of both microstructural levels (hierarchical structures of pearlitic colonies and ferrite/cementite lamellae) ranges between 1.1 and 1.6 for the whole set of steel families analyzed in the present paper. This interval fully agrees with the value of 1.5, reported in the scientific literature [30, 31] , of the cumulative plastic strain necessary for the aforementioned completion of reorientation.
Once the microstructure (colonies and lamellae) are completely oriented in the drawing direction [13, 15] , the percentage of reduction of the cross sectional area Z begins to decrease, independently of the plastic strain increment (e.g., step 6 to 7 in family types B, C, D and E). The Z reduction is linked with the strong decrease of the interlamellar spacing caused during the microstructure re-orientation at the final stages of drawing [14] and the dislocation density rises in the ferrite lamellae, thus increasing the microstructural packing closeness and reducing the free path for dislocation movement during strain hardening of the progressively drawn steels.
The FPZ (fibrous zone) was characterized by means of its size S FPZ represented in Figure 13 , and by its characteristic length r FPZ shown in Figure 14 . As a common trend, in all analyzed steel families the two parameters decrease with cold drawing. Figure 15 shows the evolution with the drawing degree of the area of the external crown S EC . It increases up to the second step of the cold drawing process and then continuously decreases as ε P rises (with certain exceptions in the last step). With regard to its average depth (Figure 16 ), similar results were obtained for the different steel families. independently of the plastic strain increment (e.g., step 6 to 7 in family types B, C, D and E). The Z reduction is linked with the strong decrease of the interlamellar spacing caused during the microstructure re-orientation at the final stages of drawing [14] and the dislocation density rises in the ferrite lamellae, thus increasing the microstructural packing closeness and reducing the free path for dislocation movement during strain hardening of the progressively drawn steels. The FPZ (fibrous zone) was characterized by means of its size SFPZ represented in Figure 13 , and by its characteristic length rFPZ shown in Figure 14 . As a common trend, in all analyzed steel families the two parameters decrease with cold drawing. Figure 15 shows the evolution with the drawing degree of the area of the external crown SEC. It increases up to the second step of the cold drawing process and then continuously decreases as ε P rises (with certain exceptions in the last step). With regard to its average depth (Figure 16 ), similar results were obtained for the different steel families. independently of the plastic strain increment (e.g., step 6 to 7 in family types B, C, D and E). The Z reduction is linked with the strong decrease of the interlamellar spacing caused during the microstructure re-orientation at the final stages of drawing [14] and the dislocation density rises in the ferrite lamellae, thus increasing the microstructural packing closeness and reducing the free path for dislocation movement during strain hardening of the progressively drawn steels. The FPZ (fibrous zone) was characterized by means of its size SFPZ represented in Figure 13 , and by its characteristic length rFPZ shown in Figure 14 . As a common trend, in all analyzed steel families the two parameters decrease with cold drawing. Figure 15 shows the evolution with the drawing degree of the area of the external crown SEC. It increases up to the second step of the cold drawing process and then continuously decreases as ε P rises (with certain exceptions in the last step). With regard to its average depth (Figure 16 ), similar results were obtained for the different steel families. 
Conclusions
The fracture surfaces of samples corresponding to very diverse steels, with different cumulative plastic strain, were studied by means of scanning electronic microscope (SEM) and image analysis techniques. In all steels a similar fracture behavior was observed: 
The fracture surfaces of samples corresponding to very diverse steels, with different cumulative plastic strain, were studied by means of scanning electronic microscope (SEM) and image analysis techniques. In all steels a similar fracture behavior was observed:
‚
The fracture initiates at the central zone of each wire in which the fracture microscopic topography may be classified as micro-void coalescence (MVC) with fibrous aspect and propagates in a radial direction through the intermediate zone up to reaching the external ring.
The intermediate zone shows a fractography by cleavage and MVC. The fracture surface by cleavage diminishes in favor of MVC in the last steps of the manufacturing process by cold drawing, so that the fracture process becomes more ductile as the drawing degree increases.
‚ Another important characteristic of such an intermediate zone is the presence of radial cracks oriented quasi-parallel to the drawing axis or cold drawing direction, embryos of anisotropic fracture behavior as a consequence of manufacture-induced microstructural orientation.
‚ With regard to the percentage values of the different parts in the fracture surface, the evolution with cold drawing of the central zone of the fibrous aspect (fracture process zone or FPZ) is similar in all analyzed steels and the same happens in the matter of the external ring (shear lip).
